In order to elucidate chemical structure-odor correlation in the all isomers of «-nonen-1-ols, an entire series of these alcohols were synthesized stereo-selectively in high purity. For unequivocal syntheses of them, geometrically selective hydrogenation of the respective acety lenic com pound was adopted. The synthesized alcohols were converted to their 3,5-dinitrobenzoate derivatives with 3,5-dinitrobenzoyl chloride, and then purified by repeated recrys tallization.
Introduction
(3Z )-H exen-l-ol (leaf alcohol) is widely distrib uted in plants, and it is responsible for the green odor. This odor is known to be a repellent and an attractant of insects and an allelochemical of plants.
Recently, the relations between the characteris tic odor and position and/or geometry of a double bond in various isomers of C6-unsaturated alco hols were successfully evaluated. Interestingly, (3Z )-hexen-l-ol, which is known as "leaf alcohol", was found to be deviated from the relationship and showed a unique odor profile (H atanaka et al., 1992) . C9-unsaturated alcohols and aldehydes (in cluding violet leaf aldehyde; (2 £',6 Z)-nonadienal, cucumber alcohol; (2 £ , 6 Z )-nonadien-l-ol etc.)
are also known to be characteristic constituents of vegetables and fruits. Nevertheless, the chemical Reprint requests to Prof. Dr. Tadahiko Kajiwara. Fax: +81-839-22-6607. structure-odor correlation in the C9-unsaturated compounds has not been explored so far. In order to reveal the correlations, an entire series of the C9-isomers are necessary. Here, we report un equivocal syntheses of all the isomer of n-nonen-1-ols and chemical structure-odor correlation of them.
Materials and M ethods
IR spectra were recorded on a JIR 100 FT-IR spectrom eter (JEOL, Tokyo, Japan) . !H NM R and 13C NMR spectra were obtained on a JNM -EX 500 spectrom eter (JEOL, Tokyo, Japan) at 500 MHz and 125 MHz, respectively. MS spectra were taken on a JMS-DX 300 spectrom eter (JEO L, Tokyo, Japan).
Preparation o f (2 Z)-nonen-l-ol and (2 E)-nonen-l-ol
Propargyl alcohol was protected with 3,4-dihydro-2H-pyran to give 2-(2'-propynyloxy)-tetrahydropyran in 88% yield. 2-(2'-Nonynyloxy)-tetrahydropyran was prepared by acetylenic coupling 0939-5075/95/1100-0757 $ 06.00 © 1995 Verlag der Zeitschrift für Naturforschung. All rights reserved. N of 2-(2'-propynyloxy)-tetrahydropyran with hexyl bromide in 58% yield. The pyranyl ether was con verted to 2-nonyn-l-ol with 30% phosphoric acid in 98% yield. The ynol was hydrogenated over Lindlar catalyst to give (2Z)-nonen-l-ol in 98% yield (Lindlar etal., 1966) . (2 £')-Nonen-l-ol was obtained by reduction with lithium aluminum hy dride in ether in 92% yield.
( NM R (CDCI3/TMS): 6 = 14. 1, 22.7, 27.5, 28.9, 29.6, 31.8, 58.5, 128.5, 133.0 28.9, 29.1, 31.7, 32.2, 63.8, 128.9, 133.6 ppm; 'H NM R (CDCI3/TMS): Ö = 0.88 (t, 3H , J = 7.3), 1.22-1.33 (m, 6 H), 1.38 (m, 2H ), 1.56 (br s, 1 H), 4.08 (t, 2H , J = 5.5), 5.60-5.73 ppm (m, 2H ).
Preparation o f (3 Z )-nonen-l-ol and (3 E)-nonen-l-ol
3-Butyn-l-ol was prepared by coupling of ethyl ene oxide with sodium acetylide in liquid ammo nia. The ynol was protected with 3,4-dihydro-2H-pyran to give 2-(3'-butynyloxy)-tetrahydropyran in 90% yield. Acetylenic coupling of the tetrahydropyran with amyl bromide gave 2-(3'-nonynyloxy)-tetrahydropyran in 60% yield. The py ranyl ether was converted to 3-nonyn-l-ol with 30% (w/w) phosphoric acid-methanol in 98% yield. The ynol was hydrogenated over Lindlar catalyst to give (3Z )-nonen-l-ol in 88% yield. On the other hand. Birch reduction of the ynol with sodium in liquid ammonia gave (3 £')-nonen-l-ol in 84% yield. NMR (CDCI3/TMS): Ö = 14. 1, 22.6, 27.4. 29.4, 30.8, 31.5, 62.3, 125.0, 133.4 
Preparation o f (4 Z)-nonen-l-ol and (4 E)-nonen-l-ol
2-(4'-Pentynyloxy)-tetrahydropyran was ob tained in 44% yield by chlorination of tetrahydrofurfuryl alcohol with thionyl chloride in pyri dine, followed by cleavage of tetrahydrofurfuryl chloride with sodium amide in liquid ammonia and subsequent protection (4-pentyn-l-ol) with 3,4-dihydro-2 H-pyran. 2-(4'-Nonynyloxy)-tetrahydropyran was prepared by acetylenic coupling with butyl bromide in 53% yield (Brooks etal., 1955; Jones etal., 1963) . The pyranyl ether was con verted to 4-nonyn-l-ol in 93% yield. The ynol was hydrogenated over Lindlar catalyst to give (4Z)-nonen-l-ol in 71% yield. On the other hand. Birch reduction of the ynol by sodium in liquid ammonia gave (4 £ ')-nonen-l-ol in 75% yield. 
Preparation o f (5 Z)-nonen-l-ol and (5 E)-nonen-l-ol
2-(5'-Hexynyloxy)-tetrahydropyran was ob tained in 48% yield by chlorination of tetrahydropyran-2-methanol with thionyl chloride in pyri dine, followed by cleavage of tetrahydropyran-2-methyl chloride with sodium amide in liquid am monia and subsequent protection (5-hexyn-l-ol) with 3,4-dihydro-2H-pyran. The pyranyl ether was converted to its lithium salt with n-butyllithium in tetrahydrofuran (THF) and coupled with propyl bromide in hexamethylphosphoric triamide (HMPA) to give 2-(5'-nonynyloxy)-tetrahydropyran in 57% yield. The pyranyl ether was converted to 5-nonyl-l-ol by methanolysis in a m ethanol so lution containing 30% (w/w) phosphoric acid in 80% yield. The ynol was hydrogenated under Lindlar catalyst to give (5 Z)-nonen-l-ol in 87% yield. On the other hand, Birch reduction of the ynol with sodium in liquid ammonia gave (5 E)-nonen-l-ol in 71% yield. 6 = 13. 8, 22.9, 25.9, 26.9, 29.3, 32.4, 62.8, 129.6, 130 .1 ppm; lH NMR (CDC1/TM S): 6 = 0.90 (t, 3H , J = 7.3), 1.33-1.45 (m, 4H ), 1.58 (m, 2H ), 1.98-2.09 (m, 5H ), 3.63 (t, 2H , J = 6.7), 5.33-5.41 ppm (m, 2H ). 6 = 13. 7, 22.7, 25.8, 32.2, 32.3, 34.7, 62.9, 130.1, 130.7 
Preparation o f (6 Z)-nonen-l-ol and (6 E)-nonen-l-ol
Tetrahydropyran was acetylated with acetyl bro mide under zinc bromide to give 5-bromopentyl acetate in 93% yield (Synerholm, 1955) . 5-Bromopentan-l-ol was obtained by hydrolysis of 5-bromopentyl acetate with hydrogen bromide in etha nol. Then the pyranyl ether of 5-B rom opentan-lol was coupled with lithium acetylide, ethylenediamine complex in dimethyl sulfoxide (DM SO) to give 2-(6'-heptynyloxy)-tetrahydropyran in 77% yield, which was converted to a lithium salt with /7-butyllithium in tetrahydrofuran and coupled with ethyl bromide in hexamethylphosphoric tri amide to give 2-(6'-nonynyloxy)-tetrahydropyran in 88% yield. The pyranyl ether was converted to 6-nonyn-l-ol by methanolysis in a methanol solu tion containing 30% (w/w) phosphoric acid in 87% yield. The ynol was hydrogenated under Lindlar catalyst to give (6 Z)-nonen-l-ol in 89% yield. On the other hand, Birch reduction of the ynol with sodium in liquid ammonia to give (6 £)-nonen-lol in 79% yield. Preparation o f (7 Z)-nonen-l-ol and (7 E)-nonen-l-ol 1,6-Hexanediol was converted to 6-bromohexan-l-ol by a mild brom ination using hydrogen bromide under the condition of continuous extrac tion with hot toluene (Campbell, et al., 1955) . Then the brom ohydrin was protected with 3,4-dihydro-2 H-pyran to give 2-(6'-bromohexanyloxy)-tetrahydropyran in 60% yield. The pyranyl ether was coupled with lithium acetylide in dimethyl sulfoxide to give 2-(7'-octynyloxy)-tetrahydropyran in 68% yield. The pyranyl ether was converted to a lithium acetylide with /7-butyllithium in tetrahydrofuran which was coupled with methyl iodide in hexamethylphosphoric triamide to give 2-(7'-nonynyloxy)-tetrahydropyran in 99% yield. The nonynyl pyranyl ether was converted to 7-nonynl-ol by methanolysis in a m ethanol solution con taining 30% (w/w) phosphoric acid in 97% yield. The ynol was hydrogenated under Lindlar catalyst to give (7Z )-nonen-l-ol in 81% yield. On the other hand. Birch reduction of the ynol with so dium in liquid ammonia gave (7 £ ')-nonen-l-ol in 78% yield. 
Preparation o f 8-nonen-l-oI
1,7-Heptanediol was converted to 7-bromoheptan-l-ol by a mild brom ination using hydrogen bromide under the condition of continuous extrac tion with hot toluene (Cam pbell et al., 1955) . Then the bromohydrin was protected with 3,4-dihydro-2H-pyran to give 2-(7'-brom oheptanyloxy)-tetrahydropyran in 56% yield. The pyranyl ether was coupled with lithium acetylide in dimethyl sulf oxide to give 2-(8'-nonynyloxy)-tetrahydropyran 
Purification o f n-nonen-1 -ols
General procedure: A C9-unsaturated alcohol (10.0 g, 70.4 mmol) synthesized as above was added into a solution of 3,5-dinitrobenzoyl chlo ride (17.8 g, 77.4 mmol) in benzene (100 ml). Then pyridine (6.1 ml) was added into the mixture and stirred at room tem perature. The reaction mixture was extracted with diethyl ether. The extract was washed with sat. N a H C 0 3 soln. and brine, dried over Na2S 0 4 (anhydrous), and evaporated in vacuo to give a crude 3.5-dinitrobenzoate. It was repeatedly recrystallized from ethanol to give pure 3,5-dinitrobenzoate derivatives in 84-99% yield.
The purified 3,5-dinitrobenzoate derivative (4.0 g, 11.9 mmol) was added into 10% NaOH soln. (150 ml) and then stirred at room tem perature. Then the mixture was extracted with ether and washed with brine. The extract was dried over Na2S 0 4 (anhydrous) and concentrated in vacuo to give highly pure «-nonen-l-ols (over 99.2% purity) in 82-92% yield (1.4-1.6 g, 97.5-11.0 mmol).
Odor Characteristics

Sensory evaluation
Three trained flavorists sniffed paper strips dipped in 1% triethyl citrate solutions of the syn thesized alcohols. They were asked to describe the sensory characteristics using eight sensory descrip tive terms: leaf of grassy green an image of grasses, stems, and leaves; vegetable-like an image of vege table, i. e., tomatoes, green peppers, cabbages etc; fruity an image of fruits, i. e. apples, berries, pears etc; sweet degree of sweetness; fresh degree of freshness; spicy an image of pepper, nutmeg, cin namon etc; oily-fatty oily-fatty, waxy, rancid; herbal an image reminiscent of bitterness of crude drugs. Score sheets with four-point scale ranging from threshold to very intense: i. e. 0 = threshold, 1 = very weak, 2 = intense, 3 = very intense, were used for the evaluation of the test samples. The average scores of three panellers were adopted as the odor-strength of the sensory attributes.
Statistical analysis
The average scores from sensory evaluation were subjected to principal com ponent analysis using "ANALYST" (analyzer programs for statis tical data, Fujitsu, Tokyo, Japan) on a FACOM M-308 com puter (Fujitsu, Tokyo, Japan).
The data from sensory evaluation were statisti cally analyzed using principal com ponent analysis, one of the multivariate analyses, to characterize the odor profiles of the tested compounds. The analysis was carried out with all the 13 compounds using the eight explanatory variables.
Results
Odor specificity analysis: O dor characteristic of each n-nonen-l-ol was described by using the eight sensory descriptive terms of leaf or grassy, vegetable-like, fruity, sweet, fresh, spicy, oily and herbal. The odor strength in each descriptive term was scored as 0 threshold; 1 very weak; 2 intense; 3 very intense. The average of three trained flavorists was plotted on the radar chart (Figs. 1 and 2 ). This analysis showed that, if the position of double bond was the same, the odor characteristic quite resembled, irrespective of its geometry, while the position of double bond affected the characteristic so much. As the position of double bond was shifted to the w-terminal, the oily factor was weak ened. The least oily note was observed with nonen-l-ols having a double bond at position 5 or 6. With (JE )-and 8-nonen-l-ols, the factor again appeared. Vegetable-like factor was strongest with (3 Z)-and (4Z)-nonen-l-ols. The vegetable-like factor was also weakened, as the position of double bond was shifted to both the terminal ends. Among «-nonen-l-ols (6 Z)-nonen-l-ol showed pleasant flavor having high fruity, sweet and fresh factors.
Principal analysis: Previous result of principal analyses concerning about C6-unsaturated alco hols and aldehydes suggested that this analytical system can be properly used for the odor evalua tion (Hatanaka et al., 1992) . A fter the analysis of the tested compounds using the eight explanatory variables, i. e., descriptive terms, Eigenvalues, Eigenvectors and the proportions of the correla tion matrixs from the first principal com ponent (PC-1) to the fifth (PC-5) were obtained (Table I) . Fresh, fruity and sweet factors were found to con tribute to PC-1, on the other hand, herbal, vegetable-like and leaf or grassy were found to contrib ute to PC-2. As the Table shows, the portion of PC-1 and PC-2 summed up to nearly 70%. The portions of PC-3, PC-4, and PC-5 were small. Thus, further analysis was made on PC-1 and PC-2 to summarize the odor images. As shown in Fig. 3 , it was indicated that 5-, 6-and 7-nonen-lols, which contain a double bond in to side had a positive value of PC-1, on the other hand, 2-, 3-, and 4-nonen-l-ols which contain a double bond in the a-term inal functional group side did a negative one. Interestingly, 4-and 6-nonen-l-ols, and 3-and 7-nonen-l-ols were respectively located in oppo site positions respective to PC-1. Relative localiza tion of each set of the two geometrical isomers of nonen-l-ols having the same position of double bond did not show significant regulatory tendency, but the each distance between the two points of the corresponding geometrical isomers, i. e., (APC-1)2 + (APC-2)2, was almost the same. Inter estingly, the locations of (3 Z, 6 Z)-and (2 E, 6 Z )-nonadien-l-ol in the figure were not a simple algorithm of the corresponding monoenols, e.g., (6 Z)-, (2 E)-, or (3Z)-nonen-l-ol. Among these n-nonen-l-ols, (6 Z)-nonen-l-ol, which has a Zdouble bond at oo 3 position had highest values of both the first and the second principal com po nents. This was also observed with (3Z )-hexen-lol, which contains an w 3 Z double bond. Probably, an oo 3 Z structure in volatile alcohols has a specific interaction with a sensory system of humans.
Discussion
All the isomers of n-nonen-l-ols were synthe sized stereo-selectively, and they were highly puri fied by recrystallization of their 3,5-dinitrobenzoate derivatives.
In the study of the chemical structure-odor correlations we introduced a new system for the evaluation of odor characteristics. The statistical analyses led to the very interesting results. The quantitative structure-activity relationships (QSAR) have been established in the fields of drugs and pesticides (Martin, 1978) . Although the sensory tests to determine the strengths of odor characteristics are semi-quantitative, the correla tions between the chemical structures and odor characteristics could be explained very clearly after the statistical analyses. The odor profiles of the tested compounds were dominated mainly by two integrated odor parameters, PC-1 and PC-2, derived from statistical treatm ent. The odor-characteristics of each compound could be expressed in numbers steadily by means of the scores of PC-1 and PC-2, and thus, QSAR analysis was ap plied successfully to the chemical structure-odor correlation. (3Z, 6 Z)-, (2 E, 6 Z)-nonadien-l-ols, and (6 Z)-nonen-l-ol, which exist in nature, dif fered strongly in the principal elements of their odor from the other C9-alcohols. All of them have the structure of oo3Z. The structure may be recog nized specifically by the human sense of smell. This strategy for evaluating chemical structureodor correlations must be applicable to clarify those of the other series of compounds.
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